Precise reaction cross sections (σ R ) for 24−38 Mg on C targets at energies around 240 MeV/nucleon have been measured at the Radioactive Isotope Beam Factory at RIKEN. The σ R for 36−38 Mg have been measured for the first time. An enhancement of σ R compared to the systematics for spherical stable nuclei has been observed, especially in the neutron-rich region, which reflects the deformation of those isotopes. In the vicinity of the drip line the σ R for 37 Mg is especially large. It is shown by analysis using a recently developed theoretical method that this prominent enhancement of σ R for 37 Mg should come from the p-orbital halo formation breaking the N = 28 shell gap. Since the early years of the study of atomic nuclei, the nuclear shell model has been the basic framework for understanding nuclear structure. The high stability of nuclei with certain numbers of neutrons (or protons) observed in stable nuclei indicates the existence of the shells filled at certain so-called "magic numbers." Studies in the last few decades have revealed that those magic numbers are sometimes broken or changed in unstable nuclei [1] . The breakdown of the N = 20 shell gap between the sd and fp shells has been extensively studied since the irregularities in binding energies and 2
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+ excitation energies were observed in neutron-rich nuclei around N = 20 [2] [3] [4] [5] [6] . The term "island of inversion" was applied to this region [6] and deformed nuclear structures related to the changing of shell structures have been reported in this region [7] . The vanishing of the N = 28 shell closure has been also extensively studied, starting from neutronrich S-Ar isotopes [8] [9] [10] [11] [12] [13] [14] . The development of deformation observed in those nuclei could be interpreted as degeneracy of the fp shell, which induces strong quadrupole deformation [9] [10] [11] [13] [14] [15] [16] [17] [18] . Such deformation has been reported also for Si isotopes [19, 20] , and studies have recently indicated that this * takechi@np.gs.niigata-u.ac.jp phenomenon could be seen even in a very neutron-rich Mg region [21] .
The purpose of our present study is to elucidate the changes of nuclear structures, such as a development of deformation, a breakdown of the magic numbers and possible halo formation in Mg isotopes, from the stability line to the vicinity of the neutron drip line. For this purpose, precise measurements of reaction cross sections for 24−38 Mg have been performed at the Radioactive Isotope Beam Factory (RIBF) at RIKEN. The reaction cross section σ R or interaction cross section σ I reflects the nuclear size, and has been a powerful probe in searching for halo formation since the first study by Tanihata et al. [22] . Recently, measurements of σ I for Ne isotopes performed at RIBF [23] have successfully revealed the halo structure of 31 Ne in which the sd-pf shell inversion associated with nuclear deformation causes the formation of a halo [23] [24] [25] . Moreover, theoretical studies on those data have shown that a precise data set on σ R is very sensitive indicator of nuclear deformation [23, 26, 27] .
In this Rapid Communication, we report the deformation characteristics of Mg isotopes and a halo formation in 37 Mg resulting from the breakdown of the N = 28 magic number. The σ R data have been analyzed by using a newly developed theoretical method [26] [27] [28] . Based on this understanding of the development of nuclear deformation in Mg isotopes, the anomaly in 37 Mg has been revealed. The sudden and large enhancement of σ R for 37 Mg beyond the systematics of other Mg isotopes is analyzed using the deformed Woods-Saxon (DWS) model. The result indicates a low-ℓ orbital halo structure of 37 Mg in which the 25th valence neutron is sitting in the p-dominant intruder orbital, which in the conventional shell model is considered to be above the N = 28 shell gap.
Experiments were performed at the RIBF operated by the RIKEN Nishina Center and the Center for Nuclear Study, University of Tokyo. A primary beam of 48 Ca with a beam energy of 345 MeV/nucleon and a maximum beam current of approximately 100 pnA and Be production targets were used to produce 24−38 Mg secondary beams. σ R were measured by the transmission method and the BigRIPS fragment separator [29, 30] was used as a spectrometer to identify incoming and outgoing particles [23] . A schematic view of the beam line and the experimental setup can be found in Ref. [23] . σ R is obtained from the relation
), where Γ is the ratio of the number of noninteracting outgoing particles to the number of incoming particles, Γ 0 is the same ratio for an empty-target measurement to correct for nuclear reactions in the detectors, and t denotes the thickness of the reaction target. The carbon reaction target of 1.79 or 3.59 g/cm 2 thickness was located at the F5 dispersive focal plane of BigRIPS. The mean energies of secondary beams in the reaction target were approximately 240 MeV/nucleon. Incoming particles were pre-separated and identified using the beam line between the F3 and F5 focal planes, and outgoing particles were identified between the F5 and F7 focal planes. For particle identification before and after the reaction target, magnetic rigidity, energy-loss, and time-of-flight (TOF) information from ion chambers at F3 and F7 and plastic scintillation counters at F3, F5, and F7 were used. The position information from the PPACs at F3 was used to apply an appropriate emittance cut for the incident beam so as to accurately count all of the noninteracting particles without missing them after the reaction target. With this setup, incoming particles can be completely separated from the other fragments and noninteracting outgoing particles can be separated from the other events except for the inelastic scattering events, which have the same atomic and mass numbers but slightly different energies. In the σ R analysis, the inelastic scattering cross sections (σ inel ) are often extracted from the tail of the energy distribution of the particles [31] . In this work, the TOF and magnetic rigidity distribution of the particles are used to estimate σ inel . In the insert of Fig. 1 (a) deduced σ inel are plotted as a function of mass number. The error of σ R is almost determined by the uncertainty of the estimation of σ inel , which is shown as the error bar of each σ inel datum in the insert. For the case of 38 Mg, statistical error is dominant. The yields of 37, 38 Mg secondary beams, the most neutron-rich nuclei in this work, were 2 particles/s ( 37 Mg) and 1 particle/s ( 38 Mg) with the primary beam intensity of 50 pnA. The present results of σ R for 24−38 Mg are plotted as a function of mass number in Fig. 1(a) . Especially, the cross section data for 36−38 1538 (15) [32] ) assuming the nucleon density distributions of the stable nuclei as spherical Fermi distributions (the function and parameters of which are from the same electron scattering data as those described in [23] .). Existing experimental σ R for stable nuclei 12 C on a 27 Al target measured at a beam energy of 250.7 MeV/nucleon [32] and on a 40 Ca target [33] measured at a beam energy of 83 MeV/nucleon, which has been corrected for the energy dependence using MOL [FM] are plotted by open circles for comparison with the systematics for stable nuclei. The present data for Mg isotopes show somewhat larger values compared to the systematics over the whole mass range. The deviation of the data from the systematics tends to be gradually larger with increasing mass number and the enhancement of σ R for 31−38 Mg is especially large compared to that for 24−30 Mg with smaller neutron numbers.
The dashed line in Fig. 1(a) shows the results of the double-folding model (DFM) with the Melbourne-type gmatrix interaction [28, 34] in which the projectile densities are obtained by a spherical Hartree-Fock model with the Gogny D1S interaction [35] . The result agrees fairly well with the systematics for stable nuclei but considerably underestimates the present experimental data over the whole mass range. The fact that the DFM calculation can also reproduce σ R data quite well using reasonable projectile and target densities argues that the densities of the Mg isotopes used in this calculation are inappropriate.
To clarify the source of the trends in the present data, the data were analyzed by the DFM with projectile densities as follows: the mean-field wave functions are constructed by a DWS potential with the deformation parameter evaluated by the antisymmetrized molecular dynamics (AMD) calculation with the Gogny D1S interaction. This AMD calculation has been improved to describe the deformation properties of nuclei and has successfully reproduced the large B(E2) value of 32 Mg [36] , and successfully applied to the analysis of the cross sections of Ne isotopes with the combination of DFM method [28] .
In Fig. 1(a) , the result shown by a solid line with open triangles reproduces the data well, and the same prescription has been used with success to reproduce the data for Ne isotopes 28−32 Ne [26] [27] [28] . The success of the theoretical calculations in the Mg and Ne isotopes indicates that nuclear deformation is present in these isotopes.
In Fig. 1(b) , the deformation parameters β 2 for Mg isotopes deduced by AMD are plotted as a function of mass number. The β 2 of Mg isotopes in this mass range are all positive and decrease from 24 Mg to 30 Mg, with a sudden sharp increase for 31 Mg. The present σ R data, which cannot be reproduced using the spherical model, seem to be explained by a calculation in which the deformation effect is taken into account. In particular the large enhancement of σ R for 31 Mg is well accounted for by the large deformation indicated by the AMD calculation. This sudden increase of deformation for 31 Mg can be understood if there is a border of the island of inversion between N = 18 and 19 for Mg isotopes as described in [37] .
The DFM calculations are thus quite successful in reproducing the data, and the trends of Mg isotope cross sections can be understood, because they reflect the development of deformation in those nuclei. Recently the trends of σ R for Mg isotopes related to deformation features have been calculated by using the deformed Skyrme Hartree-Fock (def-SHF) method and Glauber model [38] , which also shows good agreement with current DFM calculations despite the difference of theoretical model. In Fig. 1 , we can see a deviation from the DFM calculation for 27 Mg, which is rather closer to the result of the spherical model. For 37 Mg, we can see the largest deviation (by 3σ ) and this is a very anomalous result. This result means that while the other Mg isotopes have enhanced size owing to quite well-deformed structure of them, 37 Mg suddenly has an even more enhanced size beyond the deformation systematics. The recent work by Kobayashi et al. has reported a large Coulomb breakup cross section for 37 Mg compared to 33 Mg and 35 Mg, which might also suggest this anomaly of 37 Mg [39, 40] , and very recently they further discuss and indicate the halo structure of 37 Mg also from parallel momentum distribution data [41] . 37 Mg is a quite exotic nucleus in the vicinity of the neutron drip line. There is an estimated value of one neutron separation energy (S n ) of 0.16 ± 0.68 MeV [42] . Very recently, the value 0.22 +0.12 −0.09 MeV has been reported by Kobayashi et al., which was deduced to reproduce their one neutron-removal cross section data on the basis of the Coulomb breakup model [41] . Most of the other Mg isotopes have S n more than 2 MeV, except for 35 Mg for which S n is 0.75 ± 0.18 MeV [42] . The S n of 37 Mg may be so small that 37 Mg can have an extremely weakly bound valence neutron which may form a neutron halo in 37 Mg depending on the orbital angular momentum. In the conventional spherical shell model the valence neutron of 37 Mg occupies an f 7/2 orbital that cannot produce a halo structure. This fact should be considered by taking into account deformation, since the core nucleus 36 Mg is well deformed, with β 2 ∼ 0.4 according to the AMD result. Therefore, we analyze the possible orbitals of the valence neutron by using the single-particle model with the deformed Woods-Saxon potential. Figure 2 shows the Nilsson diagram for 37 Mg calculated with the DWS potential as described in [28] , in which the single-particle energies are drawn against β 2 . The result shown in Fig. 2 is basically equivalent to the diagram in Ref. [43] , and here the expectation value of angular momentum ⟨ℓ⟩ of the orbital is expressed by colors. As for β 2 ∼ 0.36 evaluated with AMD for 37 Mg, there are two candidates for the Nilsson orbital that the valence neutron occupies in 37 Mg. One is the [312 5/2] orbital from the spherical 0f 7/2 orbital, and the other is the [321 1/2] orbital originating from the spherical 1p 3/2 orbital.
Using the nucleon density distributions extracted with the DWS potential, we calculated the σ R with the DFM and show the results as a function of S n in Fig. 3 . In this calculation, the PHYSICAL REVIEW C 90, 061305(R) 37 Mg + 12 C at 240 MeV/nucleon calculated with the DFM assuming three types of main orbital for the valence neutron from the DWS model, compared with the present data (closed circle with error bars). The one-neutron separation energy for 37 Mg is an estimated value from Ref. [42] . The S n value reported in [41] is shown with a gray zone. The insert shows the density distribution of 37 Mg at the expected separation energy S n = 0.16 MeV.
central part of the DWS potential depth is varied to change the S n with β 2 value fixed. There are two candidates for the β 2 value; one is the AMD β 2 value 0.36 for 37 Mg and the other is the AMD β 2 value 0.40 for 36 Mg. Here we simply take the former case since there is no essential difference between the two cases in the following discussion. In Fig. 3 the value and uncertainty of S n , 0.16 ± 0.68 MeV [42] , has been applied. The S n value reported in [41] is shown with a gray zone as a reference. Only the σ R for the p-dominant orbital increases steeply as S n decreases. This behavior of the p-dominant orbital compared to the d-and f -dominant orbitals can come from the divergent nature of radii for orbitals with angular momenta ℓ 1 in the limit of S n → 0 [44] . From these results it can be concluded that the valence neutron should be in a p-dominant state.
The insert of Fig. 3 shows the density distribution of 37 Mg at S n = 0. 16 +1.6 −1.1 fm. The asymmetry in the errors is due to the strongly nonlinear relation between σ R and the rms radii with changing S n .
In the present DWS model, the f -dominant [312 5/2] orbital is lower in energy than the p-dominant [321 1/2] orbital at β 2 = 0.36. The parameter set of the DWS potential is determined so as to reproduce the spectroscopic properties of high spin states of light to heavy deformed stable nuclei. (See Ref. [45] for actual values of the parameters. It is natural to consider that the DWS potentials for unstable nuclei have larger diffuseness in the central and spin-orbit parts than those for stable nuclei.) Hence we investigate the sensitivity of the single-particle energies to the change of the diffuseness parameter. As a result, larger diffuseness values in the central and spin-orbit potentials make the p-dominant orbital lower in energy than the f -dominant orbital at β 2 = 0.36. About 30% enhancement of the standard value of 0.68 fm can explain the inversion of the orbitals at that deformation. This is explained by the fact that the p-dominant orbital wave function has a larger magnitude than the f -dominant one in the tail region where larger diffuseness makes the central part of the potential more attractive and the spin-orbit part weaker. Another possible origin of the inversion of these orbitals might be the tensor force effect [46] . Since the effect is not included in the DWS model, it is quite interesting to see whether the effect quantitatively explains the inversion of these orbitals at β 2 = 0.36.
While the enhancement of σ R for 37 Mg can be explained by the neutron halo effect, for 38 Mg the measured σ R is not enhanced from the theoretical result as shown in Fig. 1(a) . This might be able to be attributed to the antihalo effect proposed by Hagino and Sagawa [47] . Due to this effect the separation energy of valence neutron(s) might not be so small for 38 Mg despite that nucleus being more neutron-rich than 37 Mg. Actually, the estimated value of the two-neutron (one-neutron) separation energy for 38 Mg is 2.4 ± 0.7 (2.3 ± 0.7) MeV [42] .
In summary, we have measured σ R for 24−38 Mg on 12 C targets at energies around 240 MeV/nucleon. An enhancement of σ R compared to the systematics of stable nuclei has been observed over the whole mass range. This enhancement is well explained by the double-folding model (DFM) calculation with the deformation effect extracted from the antisymmetrized molecular dynamics (AMD) calculation. However, the prominent enhancement observed for 37 Mg could not be accounted for by only the deformation but could be explained by a DFM calculation based on the deformed Woods-Saxon (DWS) model with the valence neutron in the p-dominant Nilsson orbital [321 1/2]. This result implies halo formation based on a well-deformed nuclear structure leading to the collapse of the N = 28 magic shell closure for neutrons in 37 Mg. Similar "deformed halo" phenomena have been seen for Ne isotopes [23, 24] around the N = 20 shell. From the analysis in this work, this phenomenon seems to emerge in the region beyond the island of inversion with a breakdown of the N = 28 shell closure. The mechanism which drives the break down of the N = 28 shell closure and nuclear deformation in this region should be investigated by further experimental and theoretical studies.
